Right bundle branch block (RBBB) was produced in five dogs by incising the main right bundle branch. Body surface isopotential maps of each of these dogs were obtained from 85 thoracic electrocardiograms using a mini-computer technique. In addition, the epicardial activation process was obtained from the same dog, and were correlated with the map pattern.
SUMMARY Right bundle branch block (RBBB) was produced in five dogs by incising the main right bundle branch. Body surface isopotential maps of each of these dogs were obtained from 85 thoracic electrocardiograms using a mini-computer technique. In addition, the epicardial activation process was obtained from the same dog, and were correlated with the map pattern.
Following the incision, the following characteristic changes in the map pattern occurred: The ventricular activation was prolonged in RBBB as compared with normal. During the early stage of ventric ular excitation, the maximum was shifted leftward due to the activation wavefronts in the left ventricle in contrast to the double septal SEVERAL CLINICAL STUDIES have suggested that the site of the block of human right bundle branch block (RBBB) may lie in the main right bundle branch (RBB). 1 2 The other study has also suggested that the block may be located in the more distal part within the right conduction system .3 In order to clarify these suggestions experimentally, the main RBB4 I or the more distal part (i.e., the subdivisions4or the Purkinje network7) were cut in animal hearts, and the electro-(and vector-) cardiograms obtained were investigated. However, the results showed that, no matter what the site of the injuries, the electrocardiographic patterns were substantially different from those in RBBB patients.
These experimental studies were limited in that only information from surface leads was used. In recent years the method of body surface isopotential mapping has developed.8-This method estimates the potential distribution over the entire thoracic surface.
Present investigation was designed to analyze the body surface potential distribution following the incision of the main RBB in dogs, and to examine the genesis of the surface potential distribution. For that purpose, the body surface isopotential maps were built up both before and after the surgical incision of the RBB and were analyzed in relation to the epicardial activation sequence which was determined from the same dog. activation in the control. A localized lower potential area (a concavity) which appears in the middle stage of activation within the anterior positivity as an initial representation of breakthrough was also shifted left-and-downward and delayed in appearance. The sudden change in the potential distribution subsequently observed occurred quite differently. The terminal excitation was characterized by the maximum occurring over the right chest in RBBB in contrast to the left chest in control. These changes in the pattern of the potential distribution were compatible with the changes in the ventricular excitation process.
This result may be applied to human RBBB map interpretation.
Method
Body Surface Isopotential Mapping Twelve mongrel dogs weighing 7 to 12 kg were anesthetized with thiamylal sodium (20 mg/kg, intraperitoneally), intubated, and placed on a respirator in the supine position. First, standard 12 lead electrocardiograms were recorded. For the construction of body surface isopotential maps (surface maps), 85 lead points, consisted of 59 points distributed in anterior chest surface and 21 points distributed in the back, were determined as shown in figure 1. Subsequently, a unipolar lead electrocardiogram was taken at each of 85 lead points, with Wilson's central terminal as the reference point. All electrocardiographic data were recorded on a magnetic data recorder (Teac Co., R-100) at a tape speed of 19 cm/sec. On the occasion of the data recording, two unipolar lead electrocardiograms from each two adjacent lead points and the standard lead II electrocardiogram as a time reference were recorded together. The recorded data were later reproduced, and then processed by a mini-computer (Nihon Densi Co., Model JEC-5) following A/D conversion. Surface maps were produced for every 1.5 msec during QRS duration. Details of the data processing have been reported previously.",1
Epicardial Activation Study
Immediately after the recording of the 85 unipolar lead electrocardiograms, the heart was exposed through a left thoracotomy. A bipolar electrode with two terminals located 0.5 mm apart was placed on epicardial surface, and the direct unipolar and the contiguous bipolar electrograms from these terminals were simultaneously recorded, together with the lead II electrocardiogram as a time reference, on a VOL 55, No photorecorder at a paper speed of 40 cm/sec. This recording procedure was repeated at the 32 to 42 different points on the right and left ventricular epicardial surface except the left posterobasal area. The arrival time of the activation was determined by measuring the time from the onset of ventricular activation to the peak of the main deflection of the contiguous bipolar electrogram. The onset of ventricular activation was conventionally assumed to be the QRS deflection of earliest onset on the direct unipolar electrograms. Arrival time values were then plotted on a photograph of the heart, and the isochronic lines were drawn. Then the time orientation of surface maps (lead II ECG) were aligned with the epicardial activation data. Following the activation study, a narrow, flat-bladed scalpel, sharpened at the tip only, was introduced into the right cavity through the right ventricular free wall, and by transecting the right septal muscle, the main right bundle branch was incised. The completeness of conduction block was determined electrocardiographically by the development of a wide late R wave in lead aVr and of a deep, wide S wave in the lead II electrocardiogram monitored throughout. The chest was then closed and the dog was allowed to recover.
One week later, the dog was again anesthetized. Body surface isopotential mapping and activation study were repeated. Then, the heart was removed and examined grossly with Lugol stain to localize the lesion.
Results
In five dogs, the main RBB was successfully incised. Because the results obtained from five dogs were almost similar, the results from a single dog (weighing 7 kg) will be presented hereafter.
The main RBB was interrupted at the portion about 0.8 cm proximal to the attachment of the anterior papillary muscle. Figure 2 shows the electrocardiogram in control (A) and after RBBB (B). Following the production of RBBB a wide, deep S wave developed in leads I, II, III, and VS, and a wide, notched R' wave in lead aVr. The QRS configuration of lead V1 was altered from an RS to an rsR' pattern. These electrocardiographic findings are consistent with those obtained by others.5 The QRS duration in this dog was prolonged from 39 msec in control to 60 msec after RBBB.
The relationship of the position of the heart to the surface map and the format of the representation of the map are shown schematically in figure 3A . Note that the left half of the map represents the anterior chest region and the right half the back region. Figure 3B and C show the surface maps and the epicardial activation data obtained in control (3B) and after RBBB (3C). The QRS complex of the lead V1 electrocardiogram is shown in figure 3D , indicating the instants at which the maps were obtained. The stippled area within the surface map represents the positive potential zone, and the white area the negative potential zone: the interrupted line illustrates the potential of Wilson's central terminal, which may be called the zero line, and fine solid lines illustrate an isopotential line for each + 0.4 mV. A maximum (minimum) potential is defined as an area in which the potential is higher (lower) than in surrounding regions, and is illustrated by a plus sign (minus sign) in each map. For the illustration of the epicardial activation sequence, the epicardial area through which the activation has passed is illustrated as a stippled area. 7 msec. The epicardial excitation is not yet observed. The positive zone occupies the entire anterior chest surface and the negative zone the back. A maximum is located centrally in the chest and a minimum in the back. 9 msec. The earliest epicardial activity (breakthrough) occurs on the right ventricular free wall. However, the pattern of potential distribution remains almost unchanged. 12 msec. Epicardial excitation has spread to an area of 3.7 X 1.7 cm (6.3 cm2) over the right ventricular free wall.
The positive zone occupies the lower part of the back in addition to the anterior chest surface, and the negative zone the upper part of the back. There are two maximum potentials, one in the right chest, the other in the left chest. These maximum potentials result from the division of the anterior maximum potential observed in the previous stage. A minimum potential remains in the back continuously from the previous stage.
Most characteristic of this map is that a localized lower potential part, which may be called a concavity, is apparent in the anterior positive zone as indicated by an arrow. In addition, as a result of the occurrence of a concavity, the isopotential lines both of +0.8 and + 1.2 mV in the anterior area encompassing the concavity are forced to protrude characteristically downward like a pseudopod. Such a protrusion has been described by others9' [13] [14] [15] [16] as a surface effect of breakthrough. 21 msec. Ventricular excitation has reached the right outflow tract and the left lateral wall through the left anterior wall.
There exists a minimum almost centrally in the anterior chest. This minimum arises from the concavity, through its further decrease in potential. A maximum is located in the left chest. This maximum has its origin in the left one of the two observed in previous stages. 29 msec. The epicardial excitation is almost completed. Nevertheless, the positive potentials are still present over the upper part of the back, and the negative potentials over the anterior chest surface. This strongly suggests that the ventricular excitation is still present in some region which was not explored, probably in the posterobasal region and the upper portion of the septum, a region that Scher and others16 found to be activated last in the normal process. 15 msec. The earliest breakthrough activity occurs over the left ventricular free wall, 6 msec later than control, because of the activation delay of the right ventricular free wall due to conduction block. The map pattern is essentially the same as that of the previous stage, although the positive potentials invade the lower part of the back. 21 msec. Epicardial excitation has expanded to an area of 2.2 X 2.2 cm (4.8 cm2) over the left ventricular free wall.
A concavity is apparent (arrow). However, it is located in the left chest surface in this map, namely, left-anddownward as compared to control. Moreover, the appearance of the concavity is characteristically delayed from 12 msec in control to 21 msec after RBBB.
In figure 4 the shift of the concavity following the incision of the main RBB is compared among five dogs. The left-anddownward shift was noted consistently in all five dogs. The times in the five dogs at which the concavity appeared averaged 11.4 ± 2. 3 [SD] msec (range of 9 to 13.5 msec) in control, and 19.5 ± 1.1 msec (range of 18 to 21 msec) in RBBB; a significant delay was reproducibly noted (P < 0.005).
In each dog, breakthrough occurred in control at an average of 9.6 ± 1.8 msec (range of 8 to 12 msec) over the right anterior free wall, the same area as in the representative dog, and following RBBB changed to an average of 17.3 + 1.4 msec (range of 15 to 19 msec, a delay of 7.7 ± 2.4 msec) over the left anterior free wall. 24 msec. With the further spread of the excitation over the left ventricular free wall, the concavity has developed into a new minimum potential. Thus, the map pattern with the double maximum and the double minimum potentials is formed.
29 msec, 43 msec, 54 msec. Throughout this period, the delayed right ventricular excitation progresses; a lower (apical) part adjacent to the interventricular groove is activated first (29 msec); next, an extensive area including both the midportion of the free wall and the outflow tract (43 msec); and finally, the basal region of the anterolateral wall last (54 msec). Thus the right ventricular excitation spreads generally from the apex up. This sequence of excitation agrees with that observed by other investigators. [17] [18] [19] [20] At 29 msec the positive zone covers the right anterior chest surface and the right lower half of the back. A maximum potential is located in the right chest; this has its origin in the right chest maximum potential observed in the previous stage. A minimum potential is located in the left chest; it has its origin in the left chest minimum potential of the previous stage.
Subsequently, at 43 msec, a maximum potential has moved upward centrally to the right chest, reflecting the upward spread of the right ventricular excitation. A minimum potential has moved downward to the left lower chest.
At 54 msec, a maximum potential has moved further up to the right upper chest; a minimum potential remains in the left lower chest. In figure 5 , the locations of the maximum and of the minimum in five dogs are compared among the following three instants during the right ventricular excitation: the instant at which the right ventricle begins to excite from its lower (apical) part ( fig. 5A) ; the instant at which the area including both the midportion of the free wall and the outflow tract excites (fig. 5B ); and the instant at which the anterolateral base excites ( fig. SC) , each corresponding to the stage of 29, 43, 54 msec, respectively, in the representative case. The instants represented are defined in terms of the stage of right ventricular excitation reached rather than number of milliseconds since there was some slight time variation among dogs. Maximum potentials are located in the right lower chest (with one exception) in fig. SA , centrally in the right chest in fig. SB , and in the right upper chest in fig. 5C . The upward movements were consistently noted in each individual dog. As for the minimum potential, the downward movements were also consistent, although the locations varied rather widely.
Discussion
The present study involves certain limitations and assumptions. The surface mapping and the epicardial recording were performed under the different conditions (closed chest and open chest). However, we assumed that the ventricular activation process remained unchanged for both conditions. In making precise correlations between the body surface maps and epicardial data, the error introduced with time alignment must be considered. The timing error introduced by our technique has been estimated to be within 3.0 msec.
Effect of the Epicardial Breakthrough in RBBB on the Surface Maps
Experimental study correlating surface maps with the ventricular excitation process in normal dogs has demonstrated that the epicardial breakthrough is well represented in the surface map in a characteristic pattern.'4 Similar results are obtained from this study. In control hearts, breakthrough occurred over the right ventricular free wall, while in RBBB it occurred over the left. Although the loca-A B C FIGURE 5. The locations of the maximum and minimum potentials in various instants during the right ventricular excitation in five dogs. A) The instant at which the apical part of right ventricle excites (corresponding to 29 msec in the representative experiment). B) The instant at which the area including the midportion of the free wall and the outflow tract excites (corresponding to 43 msec in the representative experiment). C) The instant ofexcitation of the anterolateral base of the right ventricle (corresponding to 54 msec in the representative experiment). tion differed, both right and left ventricular breakthrough showed similar patterns: As an initial reflection of breakthrough, a localized area in which the potentials were relatively lower (but never the lowest) in comparison with the surrounding positivity appeared abruptly within the anterior positivity ( fig. 3B-12 msec and fig. 3C -21 msec). This area might presumably be called a concavity. Subsequently, as the potential at the concavity region continuously decreased, the irregularity of isopotential lines became conspicuous (the formation of pseudopod), and finally a new minimum potential developed ( fig. 3C -24 msec). Several investigators9' 13, 14 have described the pseudopod formation or the presence of the new minimum potential ("non-dipolarity''21) as a surface effect of initial breakthrough. Nevertheless, we consider that the earlier representation of breakthrough might be a concavity within the positive area rather than "non-dipolarity."
The concavity, however, does not appear exactly at the instant when the breakthrough occurs, but several milliseconds later both in control (fig. 3B-9 msec and 12 msec) and in RBBB ( fig. 3C -15 msec and 21 msec): the effect of breakthrough is complicated because the surface potentials are greatly influenced by the intervening volume conductor and the shape of the wavefront or fronts present.
The place and the time at which the concavity appears are altered by the incision of the RBB; the concavity shifted left and downward and its appearance was delayed. This observation indicates that the concavity may also allow the differentiation of the site of breakthrough, in the right ventricle or in the left ventricle. In other words, whether or not the activation delay is present in the right ventricular free wall can be detected by inspecting the place and the time of the concavity on the body surface recording. This finding is of clinical significance and will be discussed below.
Effect of the Delayed Right Ventricular Activation due to RBBB
The maps obtained during the right ventricular excitation were characterized in RBBB by the positive zone evident over the right chest ( fig. 3C-29 , 43, 54 msec), in contrast to that over the left lateral chest in control ( fig. 3B-21 , 29 msec). When the excitation front involves the lower part, the free wall, and the anterolateral part of the right ventricle in RBBB, the maximum potential is located in the right lower chest, the right middle, and the right upper chest, respectively ( fig. SA, B, C) . This observation seems to indicate that the surface potentials correlate very well with the right ventricular wavefront.
As Taccardi and others have pointed out,22 it is very difficult to relate the isochrones to the surface potentials, especially when there are numerous wavefronts. In fact, the surface pattern does not provide a complete correlation with the right ventricular wavefront in the control state of this study, as shown in fig. 3B -21 msec. The epicardial activation data demonstrate that in RBBB the onset of the right ventricular excitation occurs when the left ventricular excitation has almost completed, while in control it occurs almost simultaneously with the onset of left ventricular activation so that the right ventricular excitation progresses in synchrony with the left excitation. This suggests that in RBBB the wavefronts which are present during the right ventricular 53 VOL 55, No 1, JANUARY 1977 excitation are of relatively simple configuration as compared with those in control, although we lack data on the activation throughout the entire wall. In conclusion, we believe that the surface maps can represent the region or the extent of delayed activation of the right ventricle.
Clinical Application
These results are applicable to the interpretation of the surface maps of clinical cases. In previous work we have demonstrated that the surface maps obtained from RBBB patients can be classified into three groups on the basis of two characteristic findings: the location at which the "niche" (which occurs in the zero line and corresponds to the pseudopod of isopotential lines in the dog) appears; and the extent of positive potentials which are present during the late stage of QRS.23 In one group among those three (group Ia) the "niche" appeared to the left in comparison with that of normal subjects, and the positive potentials which were present during the last stage of QRS covered the right chest surface and the right back extensively. Thus group Ta map pattern fits very well with those of RBBB dogs reported in this paper. Taccardi and others have also reported the RBBB pattern to be quite similar to our group la. 24 These facts suggest that there may be RBBB patients whose lesion is located in the main right bundle branch.
